A high-quality Ba 2 TiSi 2 O 8 (BTS) single crystal was grown using the Czochralski (Cz) pulling method. The thermal expansion and electro-elastic properties of BTS crystal were studied for high temperature sensor applications. The relative dielectric permittivities ε T 11 /ε 0 and ε T 33 /ε 0 were determined to be 16.3 and 11.8, while the piezoelectric coefficients d 15, d 31, d 33 were found to be 17.8, 2.9, and 4.0 pC/N, respectively. Temperature dependence of electro-elastic properties were investigated, where the variation of elastic compliance s E 55 (= s E 44 ) was found to be <6% over temperature range of 20-700 • C. Taking advantage of the anisotropic thermal expansion, linear thermal expansion comparable to insulating alumina ceramic was achieved over temperature range up to 650 • C. The optimum crystal cut with large effective piezoelectric coefficient (>8.5 pC/N) and linear thermal expansion coefficient (8.03 ppm/ • C) achieved for BTS crystal along the (47 • , ϕ) direction (ϕ is arbitrary in 0-360 • ), together with its good temperature stability up to 650 • C, make BTS crystal a promising candidate for high temperature piezoelectric sensors.
Introduction
High temperature piezoelectric sensors operational above 600 • C are in great demand for industries, such as automotive, aerospace and power plants, etc. [1] [2] [3] [4] [5] . As the heart of piezoelectric sensors, the piezoelectric materials are usually required to possess the merits of high sensitivity and electrical resistivity, broad temperature usage range and stable piezoelectric sensitivity [6] [7] [8] .
Among the actively studied high-temperature piezoelectric crystals [9] [10] [11] [12] [13] , Ba 2 TiSi 2 O 8 (BTS) was found to exhibit no structural phase transition prior to its melting point of 1445 • C and large thickness shear piezoelectric coefficient d 15 of 18 pC/N [14, 15] . The electrical resistivities ρ 11 and ρ 33 were found to be 1.9 × 10 7 and 3.6 × 10 9 Ω·cm at 600 • C, respectively [15, 16] , higher than the values of disordered langasite type crystals [17, 18] , while comparable to the ordered langasite type crystal Al doped Ca 3 NbGa 3 Si 2 O 14 [8] . Of particular interest is that the BTS crystal belongs to the tetragonal phase with point group of 4mm, thus possessing three independent piezoelectric coefficients [19] , which will benefit the design of optimum piezoelectric crystal cut without piezoelectric cross-talks. All these features indicate the potentials of BTS crystal for high temperature piezoelectric applications.
In addition to the electrical resistivity and piezoelectric properties, the thermal parameter is another important factor for sensor applications. The thermal effect could affect the accuracy and stability of sensors, for example the quartz crystal microbalance devices, the microelectromechanical systems and the piezo-resistance sensors etc. [20] [21] [22] . For high temperature piezoelectric sensor fabrication, the thermal expansion nonlinearity plays a negative impact on the stability of piezoelectric performance over a broad temperature range, while the mismatch of thermal expansion for different components in a sensor would cause the packaged device failure under thermal cyclic loading [23] . The thermal expansion anomaly of BTS crystal around 180 • C [15, 24] will restrict its further implementation at elevated temperatures.
In order to explore the optimum piezoelectric crystal cut for high temperature sensor applications, in this work, high quality BTS single crystals are grown and the electro-elastic properties, together with the thermal expansion behavior, are studied as a function of temperature and crystallographic orientation. The optimum crystal cut with large piezoelectric coefficient and suitable thermal expansion over a broad temperature range is explored.
Materials and Methods

Single Crystal Growth
High-purity raw materials BaCO 3 (4N, Alfa Aesar), TiO 2 (4N, Alfa Aesar), SiO 2 (4N, HWRK CHEM) were used to grow Ba 2 TiSi 2 O 8 single crystals. An excess of TiO 2 (2%) was added to the starting components [16] . The weighted raw materials were put in a plastic jar (no more than 2/3 of the volume) then fix the plastic jar into a mixer (YGJ-5KG, no use of ZrO 2 balls) and run for 10 h. The mixed raw materials were then pressed into tablets. The tablets were first calcined at 1000 • C for 12 h and then sintered at 1300 • C for 15 h to achieve the compound following the solid-state reaction process:
The sintered compound was charged into iridium crucible for crystal growth by Czochralski (Cz) pulling method. The pulling and rotation rates were set to be 0.3-0.6 mm/h and 10-14 rpm, respectively. In order to avoid the crystal crack after growth, the as-grown crystal was cooled down to room temperature at a slow rate of 10-30 • C/h and then annealed at 1300 • C for 24 h.
Crystal Quality Evaluation
Due to the relatively high content of SiO 2 (40 mol% in BTS), the melt solid solution was prone to form amorphous phase during the growth process, thus hard to obtain the high-quality single crystal. For evaluating the crystalline quality, the as-grown BTS crystal was sliced into three square plates with the thickness of 1 mm along the growth direction (Z-axis). The high resolution X-ray diffraction (HRXRD, Bruker-axs D5005, Bruker-axs, Karlsruhe, Germany) tests were performed on the square plates at room temperature.
Property Characterizations
For the thermal expansion measurement, the rectangular samples with dimension ratio of 3:4:5 (thickness: width: length) were prepared and tested using a thermal dilatometer (Netzsch, model DIL402C Netzsch, Selb, Germany). The heating rate was 5 • C/min over temperature range of 25 • C to 500 • C.
BTS crystal belongs to 4 mm point group, the physical X-, Y-and Z-axes are parallel to the crystallographic directions of [ 15 ).For evaluating the dielectric, elastic and piezoelectric properties of BTS crystal, the crystal cuts with different piezoelectric vibration modes were prepared. Table 1 lists the crystal cuts used for measurements by impedance method and the corresponding material constants. The equations used for parameter evaluation are referred to the IEEE standard on piezoelectricity [25] . In this work, the dielectric permittivities were determined using a multi-frequency LCR meter (HP4263B) (Agilent, Santa Clara, CA, USA), the resonance and anti-resonance frequencies for different vibration modes were measured by using an impedance network analyzer (E4990A) (Keysight, Santa Rosa, CA, USA). All the samples were sputtered with platinum films (200 nm in thickness).
The elastic stiffness constants could be extracted from the ultrasonic phase velocity by pulse-echo ultrasonic method, which was performed on two different kinds of rectangular BTS samples. The dimension ratio (t:w:l) of the samples was ranged from 3:4:5 to 4:5:6. For the first crystal cube, the orientations of the thickness, width and length were parallel to the physical X-, Y-and Z-axes, respectively. For another crystal cube, the orientation of the thickness was parallel to the Z-axis, while the orientations of the width and length were 45 • deviating from the Y-and X-axes. Based on the measured acoustic velocities along different directions of the samples, the elastic constants were calculated using Equations (1)- (5). 
Crystal Quality and Thermal Expansion Evaluation
The as-grown BTS crystal is transparent and colorless, as shown in the small inset of Figure 1 . The crystal quality is characterized using HRXRD, based on the recorded rocking curves of the (200) facet, the full-width half maximum (FWHM) is obtained and found to be 40ʺ-79ʺ, indicating the good structure integrity and crystal quality of the grown BTS crystal. The different FWHM values for different parts in BTS crystal might arise from the segregation of components during the crystal growth process, which affects the crystal quality to an extent, as described in Ref [16] . In addition, the possible glass phase formation [26] in local bulk crystal is deemed another factor affects the crystal quality. The thermal expansion behavior of BTS crystal is studied along the physical X-and Z-axes, and the results are presented in Figure 2 . It is found that the linear thermal expansion coefficients along the X-and Z-axes are very close (7.96-7.98 ppm/°C) over the temperature range of 25-180 °C. However, a turning point is found at round ~185 °C, above which, the thermal expansion coefficients α11 and α33 show a large discrepancy up to 500 °C, being on the order of 2.3 ppm/°C and 15.0 ppm/ °C, respectively. This phenomenon is attributed to the fact that the bond strength of the Ba-O bonds along the Z-axis is much weaker than those of Si-O and Ti-O bonds lying inside the X-Y plane. In addition, the thermal expansion anomaly around 185 °C is associated with the incommensurate phase transition [24] . The thermal expansion behavior of BTS crystal is studied along the physical X-and Z-axes, and the results are presented in Figure 2 . It is found that the linear thermal expansion coefficients along the Xand Z-axes are very close (7.96-7.98 ppm/ • C) over the temperature range of 25-180 • C. However, a turning point is found at round~185 • C, above which, the thermal expansion coefficients α 11 and α 33 show a large discrepancy up to 500 • C, being on the order of 2.3 ppm/ • C and 15.0 ppm/ • C, respectively. This phenomenon is attributed to the fact that the bond strength of the Ba-O bonds along the Z-axis is much weaker than those of Si-O and Ti-O bonds lying inside the X-Y plane. In addition, the thermal expansion anomaly around 185 • C is associated with the incommensurate phase transition [24] .
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The Electro-Elastic Properties
Temperature Dependence of Electro-Elastic Constants
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The figures of merit of piezoelectric crystal for high temperature piezoelectric sensors include, but not limited to, sensitivity, resistivity, temperature stability and usage temperature range. In addition, the crystal cut without piezoelectric cross-talk is also very important to avoid the electric charge interference, while the thermal expansion matching with package component is critical for the robust and reliability of the sensors. Based on the thermal expansion behaviors of BTS crystal discussed in Section 3.1, the thermal expansion anomaly over the entire temperature range could be eliminated by thermal expansion compensation. The anisotropy of thermal expansion over different temperature ranges (a: 25-185 • C; b: 185-500 • C) are studied and results are given in Figure 7a ,b, respectively, from which we can find the optimum crystal cuts with the same thermal expansion coefficient. Figure 7c shows the variation of thermal expansion coefficients as a function of spatial orientation. As expected, the linear thermal expansion coefficient is achieved along the direction of 47 • deviated from Z-axis, which we can label as direction k and write as (θ, ϕ), θ is the angle between k and the Z-axis (here θ = 47 • ), and ϕ is the angle between the X-axis and projection of k in XY-plane (here ϕ is arbitrary in the range of 0-360 • ). 
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Results show that the highest longitudinal piezoelectric coefficient * (±8.7 pC/N) could be achieved in (ZXl)±50°, similar results are also obtained for (ZYl) ±50° crystal cuts. Of particular interest is that high effective piezoelectric coefficient above 8.5 pC/N can be achieved for crystal cut with rotation angle in the range of 45°-55° (Figure 9a ). Moreover, it is observed from Figure 9b that the (ZXl)-47° crystal cut not only possess a high piezoelectric coefficient * (>8.5 pC/N), but also low shear piezoelectric coefficients d34, d35, and d36, with values approximate to zero, which could significantly reduce the interference from different vibration modes for piezoelectric sensors. It worth to point out that the highest piezoelectric coefficient * for BTS crystal can be obtained along the direction of k (θ, φ) (θ=45°-55°, and φ is an arbitrary angle in the range of 0-360°). In addition to the thermal expansion, crystal cut with optimum piezoelectric coefficient is also studied in this work. Figure 9a shows the orientation dependence of the effective piezoelectric coefficient d * 33 as a function rotation angle around X-axis. After rotation around X-axis for θ angle, the effective piezoelectric coefficient d (Figure 9a ). Moreover, it is observed from Figure 9b Based on the above anisotropy analysis for the thermal expansion and piezoelectric properties, the elastic and piezoelectric properties of the selected (ZXl)-47° crystal cut, which possesses the linear thermal expansion, are studied. Figure 10 gives the temperature dependent behaviors of the effective piezoelectric coefficient * , elastic compliance * and relative permittivity * / for the (ZXl)-47° crystal cut, together with the original d33 and s33 for comparison. It is interesting to find that the Based on the above anisotropy analysis for the thermal expansion and piezoelectric properties, the elastic and piezoelectric properties of the selected (ZXl)-47 • crystal cut, which possesses the linear thermal expansion, are studied. Figure 10 gives the temperature dependent behaviors of the effective piezoelectric coefficient d * 33 , elastic compliance s * 33 and relative permittivity ε T * 33 /ε 0 for the (ZXl)-47 • crystal cut, together with the original d 33 and s 33 for comparison. It is interesting to find that the anomalies in elastic compliance and piezoelectric coefficient at~180 • C are eliminated for the (ZXl)-47 • crystal cut, whereas the anomaly in ε T * 33 /ε 0 is still distinct, with the maximum variation is around 4%. The total variation of effective elastic compliance s * 33 is < 3% over the tested temperature range. Comparing to the piezoelectric coefficient d 33 (the maximum variation is~28% from room temperature to 650 • C), the effective piezoelectric coefficient d * 33 for (ZXl)-47 • crystal cut (upper inset in Figure 10 ) exhibits much improved temperature stability, which decreases monotonously from 8.8 at room temperature to 7.7 pC/N at 650 • C. Figure 9 . Orientation dependence of the piezoelectric coefficient * for BTS crystals Based on the above anisotropy analysis for the thermal expansion and piezoelectric properties, the elastic and piezoelectric properties of the selected (ZXl)-47° crystal cut, which possesses the linear thermal expansion, are studied. Figure 10 gives the temperature dependent behaviors of the effective piezoelectric coefficient * , elastic compliance * and relative permittivity * / for the (ZXl)-47° crystal cut, together with the original d33 and s33 for comparison. It is interesting to find that the anomalies in elastic compliance and piezoelectric coefficient at ~180 °C are eliminated for the (ZXl)-47° crystal cut, whereas the anomaly in * / is still distinct, with the maximum variation is around 4%. The total variation of effective elastic compliance * is < 3% over the tested temperature range.
Comparing to the piezoelectric coefficient d33 (the maximum variation is ~28% from room temperature to 650 °C), the effective piezoelectric coefficient * for (ZXl)-47 o crystal cut (upper inset in Figure 10 ) exhibits much improved temperature stability, which decreases monotonously from 8.8 at room temperature to 7.7 pC/N at 650 °C. 
Conclusions
High quality BTS single crystals were grown by using the Cz method. The thermal expansion and electro-elastic properties were studied as functions of temperature and orientation. Combining the thermal expansion and piezoelectric anisotropic characteristics in BTS crystal, the crystal cuts along the direction of (47°, φ) (φ is arbitrary in 0-360°) was designed and determined to possess linear thermal expansion coefficient α * 33 and large piezoelectric coefficient * , being on the order of 8.03 
High quality BTS single crystals were grown by using the Cz method. The thermal expansion and electro-elastic properties were studied as functions of temperature and orientation. Combining the thermal expansion and piezoelectric anisotropic characteristics in BTS crystal, the crystal cuts along the direction of (47 • , ϕ) (ϕ is arbitrary in 0-360 • ) was designed and determined to possess linear thermal expansion coefficient α * 33 and large piezoelectric coefficient d * 33 , being on the order of 8.03 ppm/ • C and 8.8 pC/N, respectively. Of particular importance is that the linear thermal expansion coefficient of these crystal cuts is matchable with the alumina ceramic, which is insulating component of the sensor device, together with good temperature stability of the effective piezoelectric coefficient d * 33 up to 650 • C, make BTS crystal a promising candidate for high temperature sensor devices with high reliability and thermal stability.
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